The genetic diversity and relationships among 127 Japanese apricot (Prunus mume Siebold et Zucc.) germplasms, including 56 fruiting and 55 flower-ornamental cultivars derived from Japan, 8 germplasms from China, 7 germplasms from Taiwan and 1 germplasm from Thailand were assessed by SSR markers. Thirtynine out of 58 SSR markers developed from peach and apricot could produce one or two amplified fragments in Japanese apricot, suggesting transferability across species. Fourteen SSR markers showing clear amplification and high polymorphisms were chosen for further analysis. A total of 155 putative alleles were observed in Japanese apricot for 14 SSR loci with an average value of 11.1. The values of observed heterozygosity (H O ) and expected heterozygosity (H E ) ranged from 0.29 to 0.88 (mean value of 0.61) and 0.32 to 0.92 (mean value of 0.68), respectively. A phenogram for 127 Japanese apricot and 3 apricot germplasms showed 3 major clusters, 1) Bungo group of Japanese apricot and apricot, 2) germplasms from Taiwan and Thailand, 3) fruiting and flower-ornamental germplasms derived from Japan and China. In the present study, definite genetic differences were not found between fruiting and flower-ornamental groups, which supported the hypothesis that fruiting cultivars have been selected from flower-ornamentals.
"shou") has not been assessed by molecular markers.
Cultivation for fruit production has a history of less than one hundred years, which is rather shorter than that of flower-ornamentals. About 100 cultivars for fruit production have been documented, which is a smaller number than that of ornamental cultivars (Mega et al. 1988 , Horiuchi et al. 1996 . Many fruiting cultivars have been selected from indigenous Japanese apricot and bred by controlled crosspollinations. Almost all fruiting cultivars have morphological characteristics of a single petal and white color of the flower, and the trees are generally more vigorous than those of ornamentals.
Japanese apricot is closely related with apricot (Prunus armeniaca L.) and Japanese plum (Prunus salicina Lindl.) and these three species belong to the same subgenus Prunus. It is considered that interspecific hybridizations among the three species naturally occurred, especially for the combination between Japanese apricot and apricot because the flowering time of Japanese apricot and apricot sometimes overlaps (Yoshida and Yamanishi 1988 , Mehlenbacher et al. 1991 , Tzonev and Yamaguchi 1999 . It was suspected that cultivars in the Bungo group, such as 'Bungo', 'Seiyoubai' and 'Taihei' originated from interspecific hybridizations between Japanese apricot and apricot, showing intermediate morphological characteristics in fruits, trees and leaves. However, no or very few evidences have been shown for interspecific hybridizations. It was reported that the chloroplast DNAs of the trnL-trnF region in Japanese apricot had 200 bp of deletions compared with no deletion for the other Prunus including apricot (Ohta et al. 2006) . 'Seiyoubai', 'Takadaume', 'Inabungo', 'Taihei', 'Fushida' and 'Kuroda', which were classified as the Bungo group and had no deletion in the trnL-trnF region, might be originated from interspecific hybridization and their maternal parents might be apricot (Ohta et al. 2006) . Several classifications based on morphological studies have been proposed for Japanese apricot (Yoshida and Yamanishi 1988 , Mega et al. 1988 , Horiuchi et al. 1996 . Recently, several molecular markers such as RAPD (Random Amplified Polymorphic DNA), AFLP (Amplified Fragment Length Polymorphism) and SSR (simple sequence repeat, also known as microsatellites) have been used to identify and classify the genetic diversity of Japanese apricot (Shimada et al. 1994 , Fang et al. 2005 , Gao et al. 2004 ). Yoshida and Yamanishi (1988) reported that Japanese apricot and apricot cultivars were categorized into 10 types according to the characteristics of stones. Shimada et al. (1994) showed by RAPD analysis that 4 types were observed for Japanese apricot. However, the genetic diversity of Japanese apricot is still unclear and there is insufficient information on genetic relationships. In addition, there are no reports that compare genetic relationships between fruiting cultivars and flowerornamentals by molecular markers.
Recently, SSR markers have provided a more reliable method for evaluating genetic diversity and constructing genetic maps because of the co-dominant inheritance and abundance of alleles per locus (Weber and May 1989) . In Prunus, a large number of SSR markers have been developed from several stone fruit species, i.e., peach, cherry, and apricot , Cantini et al. 2001 , Cipriani et al. 1999 , Dirlewanger et al. 2002 , Lopes et al. 2002 , Sosinski et al. 2000 , Struss et al. 2002 , Testolin et al. 2000 , Yamamoto et al. 2002 , Yamamoto et al. 2003b . The Prunus reference genetic linkage map was established using F 2 population derived from a cross between almond 'Texas' and peach 'Earlygold' (Dirlewanger et al. 2004 , Howad et al. 2005 . More than 400 SSR markers developed from Prunus are identified and distributed in 8 linkage groups in the Prunus reference genetic linkage map (Dirlewanger et al. 2004 , Howad et al. 2005 . However, no SSR markers have been developed in Japanese apricot. Alternatively, it was reported that SSR markers could be transferable across species in the genus Prunus. SSR markers developed from peach could be used for studying genetic diversity in flowering cherries (Ohta et al. 2005) and parentage analysis in flowering cherries . In Japanese apricot, SSR markers developed from peach, sweet cherry and sour cherry could be applicable for evaluating the genetic diversity of fruiting Japanese apricot derived from China (Gao et al. 2004) .
In this study, 14 SSR markers chosen out of 58 SSR markers developed from peach and apricot were evaluated, in order to clarify the genetic variation of Japanese apricot. Using the markers, we investigated the genetic variations of 127 germplasms including Japanese fruiting cultivars, ornamental cultivars and germplasms from Asian countries. We also examined the genetic relationships for interspecific hybrids between Japanese apricot and apricot.
Materials and Methods

Plant materials and DNA isolation
A total of 127 Japanese apricot (Prunus mume Siebold et Zucc.) germplasms were used in this study. Out of 111 germplasms derived from Japan, 56 were cultivated for their fruit production, and the other 55 were grown for ornamental purpose. Eight, seven and one varieties originating from China, Taiwan and Thailand, respectively, were used for analysis (Table 1) . Three apricot (Prunus armeniaca L.) cultivars 'Heiwa', 'Ogasawara' and 'Shinyo' were also used as related species. Plant samples were maintained and collected from the Laboratory of Japanese Apricot in Wakayama (Minabe, Wakayama), National Institute of Fruit Tree Science (NIFTS) (Tsukuba, Ibaraki), Fukui Prefecture Horticultural Experiment Station (Mihama, Fukui) and Nagano Fruit Tree Experiment Station (Suzaka, Nagano).
Leaves for DNA extraction were collected and stored at -30°C until use. Genomic DNA was isolated from leaves by DNeasy Plant Mini Kit (Qiagen, Germany) according to the protocols of the manufacturer. 
SSR analysis
Fifty-eight SSR markers, including 37 SSRs derived from peach (Testolin et al. 2000 , Sosinski et al. 2000 , Yamamoto et al. 2002 and 21 from apricot (Lopes et al. 2002) , were used for genetic characterization (Table 2) . PCR amplification was performed in a 20 µl solution of 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5-2.25 mM MgCl 2 , 0.01% gelatin, 0.2 mM each of dNTPs, 10 pmoles of each forward primer labeled with fluorescent chemical (Fam/Tet/Hex or Fam/Vic/Ned) and unlabeled reverse primer, 10 ng of genomic DNA, and 0.5 unit of Taq polymerase (Invitrogen, USA). The PCR profile consisted of an initial denaturation for 4 min at 94°C followed by 35 cycles of 1 min at 94°C, 1 min at 50°C, 2 min at 72°C, and a final extension of 4 min at 72°C.
The PCR products of each SSR locus were separated and detected using a PRISM 3100 DNA sequencer (Applied Biosystems, USA). The size of the amplified bands was determined on the basis of an internal standard DNA (GeneScan-350TAMRA or 400HD-ROX, Applied Biosystems, USA) with GeneScan software (Applied Biosystems, USA).
Data analysis
The observed heterozygosity (H O ) and the expected heterozygosity (H E ) were estimated for microsatellite loci in 115 germplasms except for 12 bud sports or synonyms using CERVUS ver. 2.0 software (Marshall et al. 1998) . H O was calculated as a ratio showing the heterozygous genotypes scored at each locus. H E was calculated as unbiased formula from allele frequencies; 1 − Σpi 2 (i = 1 − m), where m is the number of alleles at the target locus, and pi is the allele frequency of the i th allele at the target locus.
A phenogram of 130 germplasms including 3 apricot cultivars was constructed using UPGMA (unweighted pairgroup method using arithmetic average) based on the similarities between genotypes estimated by Dice's coefficient, i.e., Dc = 2 n xy /(n x + n y ), where n x and n y represent the putative SSR allele's number of material X and Y, respectively, and n xy represents the number of shared putative SSR allele's number between X and Y. The program NTSYS-pc, ver.2.01 (Rohlf 1998 ) was used to construct the phenogram.
Results
SSR amplification in Japanese apricot
A total of 58 SSR markers developed from peach and apricot were evaluated and tested for amplification in Japanese apricot, by using seven germplasms 'Nankou', 'Shirokaga', 'Jizouume', 'Kagajizou', 'Benisashi', 'Orihime' and NJ43 (F 1 of 'Nankou' × 'Jizouume'). Thirty-nine out of 58 SSR markers produced 1 or 2 clear reproducible bands in all Japanese apricot germplasms, showing successful crossamplification in Japanese apricot. Twenty-five out of 37 SSR markers (68%) developed in peach were shown to be applicable in Japanese apricot. Fourteen out of 21 SSRs (67%) from apricot were also utilized in Japanese apricot, whose rate was almost the same as SSRs from peach. Fourteen SSR markers were chosen for further analysis because of their reproducibility, clear shape for easy scoring, degree of polymorphism and position in the Prunus reference map. Seven SSRs (UDP96-001, pchgms3, MA007a, MA010a, MA017a, MA040a, MA053a), two (M6a, M7a) and five (PaCITA4, PaCITA7, PaCITA12, PaCITA19, PaCITA21) were derived from peach genomic DNAs, peach cDNAs and apricot genomic DNAs, respectively (Table 2) .
Genetic variation evaluated by SSR markers
A total of 155 putative alleles were obtained from 127 Japanese apricot germplasms analyzed by 14 SSR markers, with an average value of 11.1. The number of alleles per locus ranged from 4 at PaCITA12 to 18 at PaCITA7 (Table 2) . Four, five and five alleles were observed for the SSRs PaCITA12, MA040a and MA053a, respectively. In contrast, 18, 17 and 16 alleles were obtained for the SSRs PaCITA7, PaCITA4 and M6a, respectively.
A total of 349 SSR genotypes were obtained, ranging from 5 at PaCITA12 to 63 at PaCITA7 with the mean value of 24.9 per marker (Table 2) . Four SSR markers showed more than 30 genotypes, i.e., PaCITA7 (63 genotypes), PaCITA4 (44), MA007a (38) and pchgms3 (32). Two SSR markers PaCITA12 and MA053a generated 5 and 9 genotypes, respectively, whose values were less than 10.
The values of observed heterozygosity (H O ) ranged from 0.29 at PaCITA12 to 0.88 at PaCITA7, with an average value of 0.61 (Table 2) 
Evaluation of bud sports and synonym cultivars
One hundred and twenty seven germplasms could be differentiated by 14 SSR markers except for 21 cultivars. These 21 cultivars were divided into 9 genotypes consisting 2 to 4 cultivars, which showed the same genotypes at all SSR loci (Table 3) . Three cultivars 'Koushuu Saishou' (Fa2), 'Purple Queen' (Fa3) and 'Hakuou' (Fa4) had the same genotypes (Table 3) . It was also found that 4 cultivars 'Shirokaga' (Fd2), 'Gojirou' (Fd13), 'Gyokuei' (Fd15) and 'Komukai' (Fd36) showed identical genotypes. The other 7 sets showed identical genotypes.
Further analysis by using the other 7 SSR markers and Sgenotypes (self-incompatibility genotypes) could not differentiate 'Shirokaga', 'Gojirou', 'Komukai' and 'Gyokuei' (data not shown). Genetic relationships in Japanese apricot varieties A phenogram was constructed for 127 Japanese apricot germplasms and 3 apricot cultivars, in which the three major clusters, A, B and C were found (Fig. 1) . Cluster A consists of three apricot cultivars and 9 Japanese apricot cultivars traditionally classified as the Bungo group. Cluster B included almost all fruiting and flower-ornamental cultivars derived from Japan and 8 germplasms from China. The cluster C included 7 germplasms derived from Taiwan and one from Thailand (Fig. 1) .
In the phenogram obtained, 51 fruiting cultivars and 51 flower-ornamental cultivars except for 9 Bungo group cultivars in Japan did not show distinct genetic differences, but were mingled together in the same cluster B (Fig. 1) . It seemed that fruiting and flower-ornamental cultivars were somewhat unevenly distributed in the cluster B. Some flowering cultivars formed 2 sub-clusters B-1 and B-2 in Fig. 1 , which corresponded to the traditional classification of group and subgroup (kei and shou). The B-1 sub-cluster consisted of almost all Koubai group cultivars, which are characterized by red flowers and red branches ( Table 1 ). The B-2 subcluster consisted of three cultivars belonging to Yabai group/Aojiku subgroup (Table 1) . Four flower-ornamental cultivars of the Bungo group were separated into cluster A ( Fig. 1 
Discussion
In this study, 39 out of 58 SSR markers (67%) developed from peach and apricot could produce one or two amplified fragments in Japanese apricot and showed transferability across species. The transferability of SSR markers developed in Prunus was examined and reported within the genus (Cipriani et al. 1999 , Dirlewanger et al. 2002 , Gao et al. 2004 , Ohta et al. 2005 . Dirlewanger et al. (2004) showed that 93% of the tested SSR markers developed from peach were transferable in apricot. Cipriani et al. (1999) described that 76% of the SSR markers isolated from peach were successfully utilized for apricot and Japanese plum, whose rate was similar to that obtained in this study. Gao et al. (2004) reported that SSR markers developed from peach, sweet cherry and sour cherry were useful for Japanese apricot of fruit production in China and that 14 out of 24 SSR markers could be applicable to Japanese apricot germplasms. In this study, 39 SSR markers were found to be transferable in Japanese apricot, only one of which (pchgms3) was investigated in the previous study (Gao et al. 2004) . Therefore, a total of 52 SSR markers were identified to be useful for Japanese apricot.
The 14 SSR markers chosen and used in this study are distributed in 8 linkage groups in the reference map (Dirlewanger et al. 2004 , Howad et al. 2005 . Since these 14 SSR markers were independent or showed close linkage, it is considered that reliable results to evaluate genetic diversity could be generated.
A total of 155 putative alleles (average 11.1) were observed in Japanese apricot for 14 SSR loci. H O and H E ranged from 0.29 to 0.88 (mean 0.61) and 0.32 to 0.92 (mean 0.68), respectively. Gao et al. (2004) reported 1 to 18 alleles per locus for 24 Japanese apricot cultivars in China by SSR analysis, with an average value of 9.1. One to 9 alleles were obtained for 14 peach cultivars (Yamamoto et al. 2002 ) and 3 to 12 alleles were identified for SSR analysis of 25 apricot cultivars (Lambert et al. 2004) . In flowering cherry, the number of alleles per locus ranged from 4 to 36 by SSR analysis of 144 cultivars (Ohta et al. 2005) . It was revealed that Japanese apricot examined in this study showed sufficient genetic diversity and high heterozygosity. Four cultivars 'Shirokaga', 'Gojirou', 'Gyokuei' and 'Komukai', which showed identical SSR genotypes, had no germination ability on pollen (Yaegaki et al. 2002 (Yaegaki et al. , 2003 and very similar morphological characteristics (data not shown). These results suggested that these 4 Japanese apricot cultivars might be synonyms of the oldest cultivar 'Shirokaga'. 'Purple Queen', originating from a bud spot of 'Hakuou', showed different fruit characteristics with purplish fruit skin. Although it was considered that 'Hakuou' originated from a bud spot of 'Koushuu Saishou', no differences in morphological characteristics were observed. SSR analysis could reconfirm 'Purple Queen' and 'Hakuou' as a bud sport and a synonym, respectively. No differences were detected for bud sport cultivars in peach with a rather small number of SSR markers (Yamamoto et al. 2003a ); therefore, it will be necessary to use a large number of SSR markers or other DNA profiling methods such as RLGS (restriction landmark genomic scanning) analysis ) in order to identify bud sport mutants.
Fruiting and flower-ornamental Japanese apricot cultivars in Japan were not genetically separated but were grouped together by using SSR markers. Distribution of fruiting and flower-ornamental cultivars in cluster B suggested presumably no relation to their origins, purposes and ornamental characteristics. The result did not contradict but supported the hypothesis that fruiting cultivars have been selected from flower-ornamentals. A large number of flower-ornamental cultivars belonging to the other groups and sub-groups will help clarify the process by which the present fruiting cultivars were established.
The subtropical germplasms from Taiwan and Thailand were distinguished into cluster C which was clearly separated from the other two clusters ( Fig. 1 and Table 1 ). It was reported that cultivars from Taiwan were separated from other Japanese apricot cultivars by RAPD analysis (Shimada et al. 1994) . Japanese apricot germplasms derived from Taiwan and Thailand showed unique characteristics such as early and long flowering time, late defoliation and low chilling requirement for bud break (Yamane et al. 2006) . It is considered that these unique characteristics resulted from adaptation to a subtropical climate. Our SSR analysis clearly displayed genetic differences between Japanese apricot germplasms from southern subtropical regions and from northern regions of China and Japan. Eight germplasms from China were mingled with Japanese apricot cultivars derived from Japan and distributed in cluster B in the phenogram (Fig. 1) . Gao et al. (2004) reported that five Japanese apricot cultivars from Japan could not be genetically separated from 19 germplasms from China. Japanese apricot cultivated in Japan was introduced from China several times (Yoshida and Yamanishi 1988) . In this study, SSR analysis also supported the hypothesis that Japanese apricot cultivated in Japan was introduced from northern China. In order to understand comprehensive genetic diversity in Japanese apricot, it will be necessary to analyze a large number of indigenous as well as cultivated Japanese apricot accessions distributed in China.
Out of 13 cultivars, 9 Bungo group cultivars were clearly separated from other Japanese apricot cultivars and formed the same cluster A as three apricot cultivars (Fig. 1) . It was suspected that Bungo group cultivars, which have morphological traits characterized by apricot, for example, late flowering and harvesting time, and large flower and fruit size, might originate from interspecific hybridizations between Japanese apricot and apricot (Yoshida and Yamanishi 1988 , Mehlenbacher et al. 1991 , Tzonev and Yamaguchi 1999 . SSR analysis suggested that many cultivars of Bungo group would be genetically influenced by apricot. Although four Bungo group cultivars, i.e., 'Taihei' (Fb2) 'Shirobotan' (Lc3), 'Mikaikou' (Lc7) and 'Makitateyama' (Lc4), showed morphological characteristics influenced by apricot, they were classed as cluster B. This result suggested a possibility that complicated hybridizations (not simple F 1 hybrids) might have occurred. Further analysis will be necessary to evaluate to what extent apricot influenced these cultivars genetically. Since 'Seiyoubai', 'Takadaume', 'Inabungo', 'Fushida' and 'Kurodaume' included in group A had no deletion in the trnL-trnF region, the same as apricot, they were presumably originated from interspecific hybridization with apricot as maternal parents.
In conclusion, SSR analysis could identify Japanese apricot into three major clusters, i.e., Bungo group of Japanese apricot and apricot, subtropical germplasms derived from Taiwan and Thailand, and germplasms from Japan and China. Fruiting and flower-ornamental cultivars in Japan were not genetically separated but were grouped together, supporting the two hypotheses that Japanese apricot cultivated in Japan had been introduced from China and that fruiting cultivars had been selected from flower-ornamentals. Information obtained in the present study will be efficiently utilized for cultivar identification, DNA profiling, genetic study and Japanese apricot breeding programs.
